Abstract ZnO nanowires deposited on Si substrates were prepared by thermal evaporation of a mixture of ZnO and carbon powder. Ag ions with an energy of 63 keV and a dose of 5×10 15 ions/cm 2 were implanted into the as-prepared ZnO nanowires. After ion implantation, the Ag-implanted ZnO nanowires were annealed in air at different temperatures from 600
Introduction
ZnO, a wide-band-gap semiconductor with a high exciton binding energy of 60 meV at room temperature [1] , is a promising candidate for application in optoelectronic devices, such as blue light emitting diodes [2] and ultraviolet laser diodes [3] . The structural, optical, and electrical properties of ZnO are governed by fabrication parameters [4] , post-treatment [5] , and doped species [6∼8] , such as Al, Ga, In, Er, Mn, and Ag, among others. Of these, Ag-doped ZnO has been used at varying concentrations to study conductivity, photosensitivity, luminescence, and nonlinearity. Recently, a one-dimensional (1D) Ag-doped ZnO nanomaterial was reported for the fabrication of fieldeffect transistors [9] , gas sensors [10] , and diodes with all-ZnO-based p-n junctions [11] , to name a few. Various methods have been employed to synthesize 1D Agdoped ZnO nanomaterials. However, studies on Agdoped ZnO nanowires obtained using the metal vapor vacuum arc (MEVVA) ion implantation method have rarely been reported.
In this study, we used the MEVVA ion implantation method to dope ZnO nanowires with Ag ions. This doping method has the advantages of lateral selectivity of the sample area and ease in the control of accurate doping depth and dose. Activation of the dopant introduced by the ion implantation was performed by thermal annealing. The influences of ion implantation and post-thermal annealing on the structural and luminescent properties of Ag-implanted ZnO nanowires were also investigated.
Experimental details
ZnO nanowires were synthesized by thermal evaporation of a ZnO and carbon powder mixture with an equal weight ratio in a tube furnace. Si wafers coated with 10 nm thick Au film were placed downstream from the evaporation source region as collectors. When the samples that had been naturally cooled to room temperature were removed from the furnace, a grayish-white substance was formed on the surface of the Si wafers.
The as-prepared ZnO nanowires were subjected to ion implantation. Ag implantation was performed at an energy of 63 keV and a dose of 5×10 15 ions/cm 2 using an MEVVA ion implanter, which is based on the principle of vacuum arc discharge between the cathode and the anode to form dense plasma. An intense ion beam from the cathode source material could then be extracted by using a controllable strong electrostatic field. The ion incidence angle was 45
• . A thermocouple attached to the substrate was used to measure the average implantation temperature due to the ion beam heating. The value was determined to be about 150
• C in our experiment. The mean beam current was about 0.5 mA. After ion implantation, the Ag-implanted ZnO nanowires were annealed in air at different temperatures from 600
• C to 1000
• C for 1 h in a quartz tube furnace.
Scanning electron microscopy (SEM, Hitachi S-3000N) was used to determine the surface morphology of the nanowires obtained. The microstructure of the ZnO nanowires was examined using transmission electron microscopy (TEM, JEM-2010). The local chemical compositions of the ZnO nanowires were investigated using selected area energy dispersive Xray spectroscopy (SAEDX, Oxford Instruments). X-ray diffraction measurements were performed on a Bruker D8 X-ray diffractometer (XRD) to determine the crystal structure of the samples. The room temperature photoluminescence (PL) spectra of the samples were recorded by a Hitachi F-7000 spectrophotometer with an excitation wavelength of 325 nm.
3 Results and discussion The implantation-induced slight surface roughness reveals a difference compared with the pure ZnO nanowires, which consistently have a smoother outer surface. Although ZnO nanowires have high irradiation resistance due to tight ionic bonding and confined energy dissipation in the nanostructure [12, 13] , the TEM image indicates that implantation results in structural damage to the outer part of the ZnO nanowires. A high-resolution transmission electron microscopy (HR-TEM) image was obtained from the area as specified by the black arrow in Fig. 1 (c) and is shown as an inset. This inset figure shows that ion implantation has disrupted the ordered lattice arrangement in the outer part of ZnO nanowires. The depth of the lattice damage is about 8 nm, which is lower than the simulation results of the SRIM 2006 program. The difference of depth between the measurement and the simulation is in agreement with the results of Rutherford backscattering spectroscopy measurements reported by DUBIEL et al [14] . Fig. 2(a) shows an SEM image of the ZnO nanowires annealed at 900
• C after ion implantation. The texture of the ZnO nanowire film exhibits a profile almost similar to those of the as-prepared and as-implanted samples. Fig. 2 (b) presents a TEM image of an individual annealed ZnO nanowire; the surface roughness in Fig. 1(c) does not appear in this figure. In addition, no nanoparticles formed by nucleation of the disorderly arranged atoms can be found on the surface of the entire nanowire. The inset in Fig. 2(b) shows an HR-TEM image taken from the area specified by the black arrow in this figure. Atoms are shown to regain their ordered arrangement, although the interplanar distance is • C after ion implantation: (a) SEM image, (b) TEM image and HR-TEM image (inset), (c) SAEDX spectrum (color online) about 0.27 nm, which slightly differs from the value of 0.26 nm reported for the planar distance of (0001) planes of pure wurtzite-structured ZnO materials. Likewise, crystal grains cannot be found in the nanowire. Fig. 2(c) presents the SAEDX spectrum of an annealed nanowire. The pattern indicates the existence of Ag atoms in the nanowire, and the average atomic content of Ag is measured to be 0.14 atom%. A small [15] , but as the Ag concentration exceeds a certain value (about 0.5 mol%), Ag solutes may segregate at the ZnO grain boundaries and coalesce to form Ag clusters or particles [16] . In our experiment, the measured concentration of the Ag dopant is much less than the value reported for phase segregation. Most Ag atoms can be anticipated to occupy the lattice positions of the orderly rearranged ZnO crystal because of the absence of nanoparticles pertinent to the phase segregation of Ag dopant from the ZnO bulk. Doping ZnO nanowires with Ag was achieved by ion implantation and the subsequent annealing process.
We performed an XRD analysis of all samples to further evaluate the structural effects of ion implantation and annealing and present the results in Fig. 3 . Compared with the standard XRD pattern of ZnO materials (JCPDS 36-1451), all samples bear diffraction characteristics typical of the hexagonal wurtzite structure. No evidence of any other secondary phases can be found even in the as-implanted samples. This finding is consistent with the results revealed by HR-TEM characterization, which shows that Ag ions with the selected energy in our experiment cannot enter the inner parts of the nanowires. The finding is similar for each sample in which the diffraction peak originating from the (103) orientation is the strongest among all peaks, implying that all of the samples share the same preferred orientation along the (103) direction. The intensity of this peak can act as a criterion for estimating the quality of the crystal structure. For the as-prepared samples, the intensity of the (103) peak is 3310 au. Ion implantation causes the decrease to 2937 au, which indicates the existence of structural damage caused by radiation, as demonstrated in Fig. 1(c) . After thermal annealing at 600
• C, the intensity of the (103) peak of the as-implanted samples is enhanced to 3158 au. Within the range of 600
• C to 900 • C, increasing the annealing temperature is advantageous for the enhancement of the (103) diffraction peak intensity. The intensity reaches a maximum value of 4171 au at 900
• C. Therefore, combined with the HR-TEM image of the samples annealed at 900
• C in Fig. 2(b) , atoms trapped in the implantation-induced non-equilibrium positions can be concluded to have sufficient energy to transfer to orderly-arranged lattice positions. Damage to the crystal structure caused by ion irradiation is recoverable via thermal annealing. However, when the annealing temperature is elevated to 1000
• C, a decrease in the (103) diffraction peak intensity, which denotes structural deterioration, is observed. Lattice disorder resulting from annealing at temperatures above 1000
• C has been extensively reported for ZnO films. Fig. 4 shows the room temperature PL spectra of all samples including the as-prepared, as-implanted samples and samples annealed at temperatures from 600
• C. The PL spectra consist of ultraviolet (UV) and visible broadband emissions. A weak UV peak centered at 394 nm is observed for all samples, with relative intensities decreasing significantly after ion implantation. It increases markedly by annealing, but can rarely be improved when the annealing temperature exceeds 650
• C. In addition, a blue luminescence peak centered at about 470 nm and a green luminescence peak centered at about 501 nm are observed. The intensities of the two visible peaks are almost completely extinguished by ion implantation and recovered by annealing. Within the range of 600 • C to 900
• C, the intensities of the two visible peaks of the Ag-implanted samples increase with the increasing annealing temperature but decrease when the annealing temperature is above 1000
• C. As a comparison, the PL spectrum of the as-prepared sample annealed at 850
• C without Ag ion implantation is also presented in Fig. 4 . The UV emission of the pristine sample is suppressed by annealing at 850
• C, but the broadband visible emission is enhanced. Similar results for the annealing effects on the PL properties of pristine ZnO thin films have been reported by KANG et al [17] . Both the UV and broadband visible emissions of Ag-implanted samples annealed at 800
• C are stronger than those of pristine samples annealed at 850
• C, which means that Ag ion implantation is the dominant factor that influences the PL properties of the doped ZnO nanowires.
Both the UV emission and broadband visible emission are suppressed by ion implantation. The suppressing effects of ion-implantation on the PL intensities are mainly due to the ion beam-induced defects that serve as nonradiative centers [18] . The crystal structure destroyed by ion irradiation is recoverable via thermal annealing, as revealed by the XRD pattern and HR-TEM characterization. UV emission is attributed to excitonic recombination, and the origin of visible broadband is related to structural defects or impurities [19, 20] . Thermal annealing provides energy for implanted Ag atoms to occupy Zn atom sites in the lattice of ZnO [21, 22] . The occupying probability could be increased by increasing the temperature and eventually become steady at a certain value when no Ag atoms are trapped in nonequilibrium positions. Photocarriers can be excited by the incident UV light in ZnO crystal. Photocarriers can more easily escape from Ag + than from Zn 2+ [21] ; hence, Ag doping leads to the faster diffusion of excitons in ZnO and more electron-hole pairs. Excitonic recombination probability could also be enhanced by the increased exciton concentration. Therefore, the intensity of the UV emission from the Ag-implanted ZnO nanowires becomes even stronger than that from the as-prepared ZnO nanowires. However, when the annealing temperature exceeds 650
• C, the UV emissions can rarely be enhanced by the increase in temperature due to the saturation of the occupying probability of Ag atoms.
KOHAN et al. [23] calculated the energy levels of defects in ZnO and showed that the energy interval between the bottom of the conduction band and the Zn vacancy level is about 2.6 eV. The blue luminescence peak located at 470 nm (2.64 eV) in this work agrees well with KOHAN's theoretical calculation, revealing the existence of Zn vacancies in the Ag-implanted ZnO nanowires. VANHEUSDEN et al. [24] suggested that O vacancies are responsible for the green emission in ZnO and that only singly ionized O vacancies could act as luminescence centers. Ion implantation could lead to the occurrence of many defects, including Zn and O vacancies, which could act as blue and green PL centers in the nanowires, respectively. Zn and O vacancies could gradually be activated by annealing because of the high kinetic energy provided by the high temperature, and their concentrations could be increased by the increase in the annealing temperature. Our experimental results in Fig. 4 show that the intensities of the blue emission (470 nm) and green emission (501 nm) increase as the annealing temperature increases from about 650
• C to 900
• C. However, an extremely high annealing temperature (exceeding 1000
• C) causes the migration of Ag to Zn vacancies and suppresses the deep levels in ZnO nanowires [25, 26] . Thus, the intensities of the visible emission decrease when the annealing temperature reaches 1000
• C.
Conclusion
Ag-implanted ZnO nanowires on silicon substrates were prepared via MEVVA ion implantation. The energy and dose of the ion beam were set at 63 keV and 5×10
15 ions/cm 2 , respectively. Ion implantation caused structural damage to the ZnO nanowires, which could be recovered by choosing an appropriate annealing temperature. The PL emissions of the ZnO nanowire were suppressed at both the UV and visible bands by ion implantation because of nonradiative center defects induced by structural damage. Suppressing effects of ion implantation on the PL intensities can be removed by annealing. When the annealing temperature exceeded 650
• C, the Ag-implanted ZnO nanowires showed a stable UV emission stronger than that of the as-prepared samples. This increase in intensity is attributed to the substitution of Zn atom sites by Ag atoms, which can result in the rapid diffusion of photocarriers. Within the range of 650
• C, an increase in the annealing temperature can also enhance the visible emission of Ag-implanted ZnO nanowires because of the increased concentration of activated Zn and O vacancies.
